The tetrapod auditory system transmits sound through the outer and middle ear to the organ of Corti or other sound pressure receivers of the inner ear where specialized hair cells translate vibrations of the basilar membrane into electrical potential changes that are conducted by the spiral ganglion neurons to the auditory nuclei. In other systems, notably the vertebrate limb, a detailed connection between the evolutionary variations in adaptive morphology and the underlying alterations in the genetic basis of development has been partially elucidated. In this review, we attempt to correlate evolutionary and partially characterized molecular data into a cohesive perspective of the evolution of the mammalian organ of Corti out of the tetrapod basilar papilla. We propose a stepwise, molecularly partially characterized transformation of the ancestral, vestibular developmental program of the vertebrate ear. This review provides a framework to decipher both discrete steps in development and the evolution of unique functional adaptations of the auditory system. The combined analysis of evolution and development establishes a powerful cross-correlation where conclusions derived from either approach become more meaningful in a larger context not possible through exclusively evolution or development centered perspectives.
Introduction
Among the many novel features that characterize mammals, few are as distinct as the auditory system that is so intricately associated with the evolution of social interactions, including human language. One of the striking features of the therian auditory system compared to (almost) all other vertebrates is that modern therians evolved a unique high frequency sensitivity in a range inaudible to nearly all non-mammalian vertebrates that have limited sensitivity above 10kHz (Fay 1988; Vater et al. 2004; Manley 2010) . In addition to this high frequency perception, therian mammals evolved a sophisticated topological frequency distribution (Manley and Jones 2011 ) that provides the basis for both absolute pitch resolution and the sophisticated sonar system of bats. These abilities depend in part on the ordered cellular patterning of the organ of Corti, the therian hearing organ, with its arrangement of one row of inner hair cells (IHCs) and three rows of outer hair cells (OHCs) . Each of these two hair cell (HC) types translate, together with the equally specialized surrounding set of supporting cells, a basilar membrane vibration into resting potential changes of the HCs. Therian HCs have special evolutionary novelties like a voltage related contraction of OHCs to function as a cochlear amplifier (Liberman et al. 2002) utilizing a highly derived molecular machinery that evolved rapidly in mammalian ancestors (Okoruwa et al. 2008 ). Adding to these mammalian novelties is the mammalian organization of the middle ear with three ossicles to transmit a wide range of frequencies from the tympanic membrane to the oval window (Reichert 1837; Hopson and Crompton 1969; Clack 1993; Voss et al. 2000) . Equally unique are the central nervous system structures that process sound and show only a limited topological and structural similarity with the auditory neuronal structures of non-mammals (Grothe et al. 2004) . In summary, the mammalian auditory system is one of the most outstanding examples of morpho-functional innovation among vertebrates, ranging from the classic paradigm of functional loss combined with transformation into a novel structure [the transformation of jaw bones to middle ear ossicles] to molecular transformation [a channel protein evolves into an electrically driven motor embedded in the cell membrane (Okoruwa et al. 2008) ]. Moreover, the auditory system likely provided an essential basis for human social evolution via sound based language (Normile 2012) , ensuring the evolution of social structures that laid the foundation for the success of the human species.
Unfortunately, despite its obvious importance, there are very limited integrative studies analyzing how genes and their expression changes affect development leading to anatomically and functionally different structures in the inner ear to parallel, for example, comparisons performed on the evolution and development of limbs (Shubin et al. 2009 ) and eyes (Gehring 2011) . Despite nearly 200 years of interest in the subject of auditory evolution and great progress in recent years on multiple aspects pertaining to the molecular, cellular, and morphological evolution of the auditory system, major unanswered questions remain. This review aims to rectify this situation by going beyond previous attempts that established cellular evolution and some aspects of auditory system evolution and development (Fekete and Sienknecht 2007; . This review provides an intellectual platform to integrate the various disparate findings in the literature into a cohesive hypothesis of mammalian and tetrapod auditory system evolution and development. Our premise is that auditory system evolution can only be logically deduced if we have a starting point for the perplexing variations in the middle ear, inner ear, and central auditory system (Fritzsch 1992; Clack 2002; Grothe et al. 2004) . We first need an understanding of the evolution of the auditory sensory organ(s) and sensory neurons of the inner ear of tetrapods before the rich diversity of fossil findings on the middle ear, or the modern data on physiology of divergent brain areas involved in auditory processing, can be interpreted in an evolutionary context. In essence, we propose a process of evolutionary events that starts with the auditory sensory epithelia evolution inside the inner ear to guide insights into auditory system evolution, including the impedance matching function of the middle ear. Following our premise, we will concentrate on the evolution of the organ of Corti and its tetrapod precursor, the basilar papilla, and associated neurons without dealing with the middle ear evolution. Specifically, we will review primary data on the evolutionary history of the basilar papilla/organ of Corti of the inner ear followed with what we currently understand about the molecular basis of its development through analysis of mouse mutants. The evolution of mechanosensory hair cells and their molecular basis has been treated elsewhere and is not part of this review (Fekete and Sienknecht 2007; 
The therian organ of Corti evolved out of the amniote basilar papilla
Comparative data agree that the mammalian organ of Corti is derived from the amniote basilar papilla situated in the lagenar recess ( Fig. 1 ) and already evolved into its current shape early in therian evolution (Luo et al. 2011 ). This can be surmised through findings in monotremes (egg-laying mammals; prototherians) that illustrate an organization of their auditory system that is comparable to that of non-mammalian amniotes such as birds and crocodiles (Vater et al. 2004) . Like these non-mammalian amniotes, monotremes have a basilar papilla-like structure in the basal part of the lagenar recess that, at its tip, contains the lagenar macula, an ancestral gravistatic sense organ already present in the sarcopterygian lineage (Ladhams and Pickles 1996; Manley and Koppl 1998; Fritzsch et al. 2011) . While the basilar papilla has been recognized for over 100 years as being homologous across all tetrapods (Retzius 1884) , it is important to clearly state what makes the basilar papilla homologous to avoid confusion as current literature somewhat confounds the issue. In essence, some claims of parallel evolution of the basilar papilla in different tetrapod lineages are formulated primarily around physiological considerations. Unfortunately, these claims are comparable to suggesting that bat and horse limbs are not homologous as they differ too much in their detailed anatomy as an adjustment to the specific physiological needs (flying compared to running on a single digit, respectively). In contrast to the contentious issue around the basilar papilla, the homology of the lagenar macula has never been questioned despite its even more unusual change in position from the saccular recess to the lagenar recess in the sarcopterygian lineage (Lewis et al. 1985) .
Following previous suggestions (Lewis et al. 1985; Fritzsch 1987) , we define the term 'basilar papilla' to describe the following structure of the vertebrate ear: the basilar papilla is a non-otoconia bearing sensory organ that is innervated by a branch of the eighth nerve that also extends to the lagenar macula and is situated near the orifice of the lagenar recess in proximity to a perilymphatic sac that extends to the round window. Homology is thus established using classical criteria such as topology inside the ear with respect to clearly homologous neighboring structures [saccular macula, lagenar macula, lagenar recess], the connectivity criterion [or hodological argument (Fritzsch and Glover 2007) ], possibly uniquely derived function (no otoconia and proximity to a perilymphatic space, thus possibly functioning to measure pressure differences between the ear and the perilymphatic space leading to the round window), and unique association with nerve fibers establishing a connection with the brain that is distinct from the lagenar macula Fischer et al. 1994 ). All amniotes have such a 'basilar papilla', including monotremes (Vater et al. 2004) . It follows that the most parsimonious explanation for the presence of this basilar papilla in all amniotes is that it evolved only once in the amniote ancestor (Fig. 1 ). Modern amniotes have evolved different organizations as an adaptation to various functions, including different ranges of sensitivity to frequencies Koppl 1998, 2008; Manley 2011 ).
Among mammals, only the monotreme basilar papilla fits these homology criteria. However, in contrast to other amniotes (Lewis et al. 1985; Manley and Koppl 2008) , the monotreme basilar papilla shows a distinct organization into IHCs and OHCs, separated by multiple rows of pillar cells (Ladhams and Pickles 1996) . This cellular organization is reminiscent of the organ of Corti in the cochlear duct of therian mammals (placental and marsupial mammals). These data suggest that the therian cochlea/organ of Corti evolved out of a basilar papilla of amniote ancestors in a three-step process:
1. Evolution of a lagenar recess with a basilar papilla near its orifice adjacent to the sound conducting perilymphatic space connecting to the round window (Fritzsch 1992) .
2.
Transformation of the basilar papilla HCs into the distinct IHCs and OHCs found only in monotreme therians (a derived or autapomorphic feature shared only by mammals among amniotes).
3.
Transformation of the monotreme-like basilar papilla and hair cell organization into the arrangement of one row of IHCs and three rows of OHCs of the therian organ of Corti. This appears to come about through convergent extension movements perhaps made possible through the loss of the lagenar macula at the tip of the lagenar recess ) thus turning the lagenar recess into the coiled cochlear duct characteristic of therian mammals (Vater et al. 2004; Luo et al. 2011 ).
In essence, evolution transformed an amniotic sensory epithelium, the basilar papilla, presumably already dedicated to hearing in the common amniote ancestor, into the therian organ of Corti. This was achieved through cellular reorganizations, specification of novel cell types, and apparent loss of the ancestral otoconia bearing organ, the lagenar macula ( Fig. 1) , converting the lagenar recess into the coiled cochlear duct. While these data provide a clear perspective of the morphological changes and their progressive stepwise transformation among amniotes, neither the origin of the lagenar macula, nor of the lagenar recess, or the basilar papilla of amniotes is completely resolved (Fritzsch 1992) . Here we will describe the evidence for the origin of these structures by comparing the monophyletic group of amphibians with amniotes, followed by data on the tetrapod outgroup, sarcopterygian and actinopterygian fish. We will then provide the most parsimonious interpretation of all available data.
1.a. Ancestral tetrapods had a lagenar macula in its own recess with a basilar papilla near the orifice
Amphibians have long been grouped together based on the appearance of a unique inner ear structure known as the amphibian papilla (Retzius 1881; Carroll 2007 ). This organ, used for hearing middle frequency ranges in frogs Smotherman and Narins 2004) , is a distinctively displaced amphibian derivative of the neglected papilla found in all vertebrate lineages (Fritzsch and Wake 1988) . Apparently, the bipartite neglected papilla in the utricle moved, during development, across the utriculo-saccular foramen to generate the amphibian papilla in the postero-dorsal aspect of the saccular recess ( Fig. 1,2) . The innervation to the amphibian papilla is always from the posterior canal nerve and is conserved between the neglected papilla and the amphibian papilla Fritzsch and Neary 1998) . Only caecilians, currently considered the least derived amphibian taxon (Carroll 2007) , retain both papillae whereas the more derived amphibians, salamanders and frogs, have lost the neglected papilla. In frogs, the basal taxa have a single patch of the amphibian papilla whereas derived frogs have two patches comprising the amphibian papilla. The most simplistic explanation for this derived condition is that the anlage for two patches of the ancestral neglected papilla may have shifted in derived frogs into the saccule, possibly by altering the timing of sensory anlage formation and constriction of the utriculo-saccular foramen (Fritzsch and Wake 1988) .
In addition to the amphibian papilla, all basal caecilians, basal salamanders, and all frogs have a basilar papilla at the orifice of the lagenar recess (Lewis et al. 1985; Fritzsch and Wake 1988; Smotherman and Narins 2004) . While present in all amphibian lineages, derived caecilians and lungless salamanders have lost the basilar papilla. Absence of a basilar papilla in plethodontid (lungless) salamanders, may indicate that vibration elicited from the lungs (Ehret et al. 1994) reaching the ear through the round window facing toward the lungs (Fritzsch 1999 ) may suffice to maintain some sound pressure reception epithelia in amphibians even in the absence of a middle ear. Several derived caecilians, which typically are limbless, have lost not only the basilar papilla but also the lagenar macula, but nevertheless retain a lagenar recess. This indicates that limblessness is associated with a reduction of the third gravistatic receptor, the lagenar macula, in amphibians. Combined, these data suggest that amphibians have a 'basilar papilla' comparable to that found in amniotes and that such a basilar papilla was, by logical extension, the primitive condition for tetrapods. Following our basic assumption that evolution changes the ear at the level of the receptor organs in the ear first, one must evolve a sound pressure receptor before middle ear evolution can adjust the hyomandibular bone, freed of its ancestral function to brace the upper and lower jaw, to a novel, sound conducting middle ear function (Fritzsch 1999) . It is almost impossible to assume that the rich variety of middle ears found in fossil tetrapods (Clack 1997) evolved to ultimately provide an impedance mismatch of sound to an ear that lacked a sound pressure receiver. In fact, it is more likely that the ear evolved pressure reception abilities in water (van Bergeijk 1966; Fritzsch 1999) and that the middle ears of the fossil record provide a rich variety of partial or incomplete adaptations to serve as impedance matching devices to adjust an aquatic inner ear to sound reception in air (Fritzsch 1992) . Most modern reviews on this subject agree that the evolution of the basilar papilla started with the formation of a lagenar recess in ancestral tetrapods (Fritzsch 1992; Clack and Allin 2004 ), but differences exist in which early tetrapod group this might have happened.
Alternative views suggest that while the basilar papilla of amphibians is homologous, it is not homologous to that of amniotes as in many amphibians it sits in its own recess at the orifice of the lagenar recess and is only indirectly connected to the perilymphatic space (Wever 1974; Lewis et al. 1985) . However, the simple fact that some basal caecilians and basal salamanders have a basilar papilla situated on a basilar membrane without a recess indicates that the condition in frogs is a derived feature (Fritzsch and Wake 1988; Fritzsch and Neary 1998) . It is more likely that the basilar papilla of amphibians is as much homologous to the basilar papilla of amniotes as are various tetrapod limbs homologous as limbs despite a rich variation in form and functional adaptation to running, swimming, digging, etc. However, it is entirely possible that the use of the basilar papilla for sound pressure reception in air evolved independently in amphibians and amniotes as much as wings evolved independently in birds, pterosaurs and bats (Shubin et al. 2009) . If the assumption of homology of the basilar papilla across tetrapods were true, either of the two sarcopterygian outgroups of tetrapods, Latimeria and lungfish, could have had a basilar papilla. More recent data suggest that the coelacanth Latimeria and the lungfish are either a monophyletic group (Shan and Gras 2011) or that their true relationship is unresolved (Takezaki et al. 2004) . No matter this unresolved taxonomic problem, the presence of a basilar papilla-like structure would strongly suggest that the evolution of the basilar papilla started in sarcopterygian ancestors in water in parallel to structurally different adaptations of the actinopterygian ear to pressure reception (Fritzsch 1999 ).
1.b. The sarcopterygian ancestor of tetrapods had a basilar papilla
The ear of lungfish have been described by Retzius (Retzius 1881 ) who suggested the presence of a lagenar macula in the saccular recess comparable to basal actinopterygian fish and ratfish among Chondrichthyes, but he found no lagenar recess. In fact, based on the ear anatomy and the pattern of innervation, he suggested that the ear of lungfish most closely resembles that of ratfish and basal group of actinopterygians, the polypteriformes ( Fig. 1 ). Recent data confirm this finding and show that the large saccular recess of lungfish has two separated sensory epithelia, suggested to represent the saccular and lagenar sensory epithelia (Platt et al. 2004) . Moreover, the separate lagenar macula in the common saccular recess is a primitive feature of lungfish shared with basal actinopterygians such as the polytperiformes (Retzius 1881; Lewis et al. 1985; Fritzsch and Wake 1988) including the detailed pattern of the HC polarity (Lewis et al. 1985; Platt et al. 2004 ) that differs from the hair cell polarity of the tetrapod lagenar macula (Fig. 2) . In lungfish, the lagenar macula is innervated by a distinct posterior nerve branch that follows a trajectory across the saccule (Fig. 2 ) consistent with the lagenar macula innervation in tetrapods and Latimeria (Fritzsch 1987; Fritzsch and Neary 1998) . While lungfish have a neglected papilla, they have no amphibian or basilar papilla, no lagenar recess and no perilymphatic space anywhere near their otic sensory epithelia. In conclusion, a lagenar macula together with a saccular macula in the same saccular recess without the formation of a lagenar recess is the basal feature of both actinopterygian and sarcopterygian fish and appears to reflect the generalized (plesiomorphic) condition of osteichthyes.
In contrast to lungfish, the coelacanth Latimeria chalumnae has a basilar papilla situated at the orifice of the lagenar recess on a basilar membrane separating a perilymphatic space from the endolymph-filled inner ear (Fritzsch 1987) . The perilymphatic space extends through a 'round' window in the otic capsule to the occipital region (Fritzsch 1992; Bernstein 2003; Fritzsch 2003) . The basilar papilla is not covered by otoconia but instead is covered by a tectorial-like membrane. The innervation is via the lagenar nerve ( Fig. 2 ) with multiple fibers extending to this structure (Fritzsch 1987) . While the function of the basilar membrane is unclear, it appears that in all adult coelacanths, this membrane is ruptured, allowing the endolymph of the inner ear to freely communicate with the perilymph surrounding the ear, a fact already noted in the original description of the Latimeria ear (Millot and Anthony 1965) . It is possible that the decompression these fish go through when they are elevated from their depth of several hundred meters causes a rupture of the membrane, rendering the ear functionless due to endolymph/perilymph mixing and the animals unable to swim coordinately. It should be noted that sound will be reflected at any surface of differing density such as water temperature and salinity and that the lung of Latimeria is filled with fat and serves as an organ for buoyancy. Sound could thus reach the ear from the lungs using the same basic principle as in larval and adult frogs. This could be related to the unusual canal leading form the basilar papilla to the belly (Millot and Anthony 1965; Fritzsch 1992; Bernstein 2003) . Whatever the function of this structure at the lagenar orifice is, the topological, structural and innervation similarities make it extremely akin to the tetrapod and in particular the amniote basilar papilla (Figs. 1, 2). These detailed similarities argue strongly against the assumption that this organ evolved in parallel to the tetrapod basilar papilla. As will be apparent below, multiple genes have already been identified that play a role in the development of the mammalian organ of Corti, indicating that the sarcopterygian basilar papilla may have required an as yet undisclosed multitude of genes to evolve, rendering it unlikely to be duplicating in detail the tetrapod basilar papilla. Combined, these facts make a parallel evolution of the Latimeria and tetrapod basilar papilla, with their detailed anatomical similarities driven likely by the same developmental gene module, as unlikely as the parallel evolution of a pentadactyl limb.
Based on our current understanding of the interrelationship of lungfish, Latimeria and tetrapods (Takezaki et al. 2004; Shan and Gras 2011) and the genomic data suggesting Latimeria as an important outgroup for tetrapod genomic evolution (Amemiya et al. 2010; Smith et al. 2012) , it is most parsimonious to assume that the basilar papilla evolved only once in the aquatic sarcopterygian ancestor of tetrapods, the common ancestor of Latimeria and lungfish. The lagenar macula without a lagenar recess found in lungfish could possibly represent a reversion back to the ancestral condition of both a lagenar and saccular macula being present in a undivided saccular recess (Retzius 1881; Lewis et al. 1985; Fritzsch and Wake 1988) . Lungfish show a uniquely derived condition of the middle ear. Unlike Latimeria, basal actinopterygians and tetrapods (Clack 1997; Fritzsch 1999) , lungfish have fused the hyomandibular bone to the brain case. The complete lack of a functional middle ear or of a perilymphatic space leading to any of the sensory epithelia relates nicely to the lack of higher frequency sound perception in lungfish (Christensen-Dalsgaard et al. 2011 ) also known for non-frequency-specialists among amphibians Fritzsch and Neary 1998) . It is noteworthy, that lungfish differ radically from the caecilian regression of the lagena: while the latter loses the lagenar macula but retains the recess (Fritzsch and Wake 1988) lungfish loses the lagenar recess but retain the lagenar macula with a detailed similarity in hair cell organization to basal actinopterygians (Lewis et al. 1985; Platt et al. 2004) . These similarities in lungfish and basal actinopterygians and Chondrichthyes could be most parsimoniously explained by assuming that the lungfish ear is as closely related to the ancestral actinopterygian/sarcopterygian ear as are those found in basal actinopterygians and Chondrichthyes (Fig. 1) , a point already made by Retzius over 100 years ago (Retzius 1881) . If one adds the unique position of the utricular macula in its own recess in Chondrichthyes and lungfish, it is understandable that Retzius grouped lungfish together with Chondrichthyes, not with tetrapods.
In summary, based on the detailed ear anatomy and the more recent confirmation of the initial finding on Latimeria (Fritzsch 1987; Bernstein 2003) combined with the partially resolved systematic affinity of lungfish, Latimeria and tetrapods (Takezaki et al. 2004; Shan and Gras 2011) , it appears most parsimonious to propose that the tetrapod basilar papilla in the lagenar recess evolved in the sarcopterygian ancestor of tetrapods as a pressure receiver measuring pressure differences between the belly (lungs) and a middle ear that is covered by a tympanic membrane. As originally proposed on theoretical grounds (van Bergeijk 1966), inner ear (sound) pressure receiver evolution may have predated the middle ear evolution. The middle ear fossils may reflect multiple attempts to adapt the middle ear of early tetrapods to function as a sound impedance matching system, among other things (Fritzsch 1992; Clack 1997) . In fact, many actinopterygian species apparently have evolved independently a sound pressure hearing that is structurally so different that they share only one common feature, an association of sorts with the swim bladder through various means (Fritzsch 1999; Ladich and Popper 2004) . As already proposed for the evolution of the basilar papilla of amniotes, it is most parsimonious to assume that the sarcopterygian basilar papilla evolved in the context of formation of a lagenar recess when an ancestral lagenar macula became displaced from the saccular recess to the tip of the lagenar recess as a consequence of an altered development. In the following, we will analyze mouse mutants that bear on this hypothesis, showing that a cochlear recess can grow without formation of a sensory epithelium and that multiple genes are necessary to segregate sensory epithelia during development and most likely also during evolution.
Mutational analysis of the development of the mouse organ of Corti and cochlea identifies genes needed for distinct steps in basilar papilla/organ of Corti evolution
No matter the current interpretation of the specific occurrence of evolutionary events in certain vertebrate lineages, the evolution of a tetrapod basilar papilla to become the organ of Corti of therian mammals has to track the following steps:
1. The anlage of the lagenar macula has to move from the saccule into the lagenar recess that forms independently of the presence or absence of a lagenar macula.
2.
The lagenar macula and the basilar papilla have to segregate from a common saccular/lagenar/basilar papilla anlage to form three distinct sensory epithelia that can evolve to serve novel functions.
3.
The basilar papilla hair cell (HC) organization needs to be transformed into two types of HCs with their stereotyped distribution to form the organ of Corti.
4.
The lagenar macula formation has to be either suppressed or transformed in the therian lineage to allow the coiling of the cochlear duct and the formation of a continuous organ of Corti for uninterrupted frequency presentations with the lowest frequency coinciding with the apical tip, the area of the cochlear duct formerly housing the lagenar macula.
5.
A novel pattern of innervation dedicated to connect the basilar papilla/organ of Corti to the auditory nuclei of the hindbrain has to evolve and be molecularly distinct from the innervation of the adjacent lagenar macula.
In the following we will present data on several mouse mutants that show developmental alterations that are meaningful for the predicted ontogenetic transformations underlying the evolution of the basilar papilla/organ of Corti. While these induced atavisms are indicative of the involvement of these proteins in the development of these morphological alterations, the ultimate test for their functions would be to transform the development of the frog basilar papilla into that of the mouse organ of Corti through expansion of the basilar papilla, growth of the lagenar recess, and loss of the lagenar macula. Technically, this is now possible with the advent of genetic manipulations of frog development (Dagle et al. 2000; Abu-Daya et al. 2012) in combination with surgical ear manipulation (Elliott and Fritzsch 2010 ).
2.a. A cochlear duct forms in the absence of sensory epithelium development
The evolutionary data suggest that a lagenar macula can exist in the saccular recess without a lagenar recess whereas a lagenar recess (or even basilar papilla recess in some amphibians) can form without a sensory epithelium. This is in striking contrast to the vertical semicircular canal formation of the ear which is clearly driven by the anterior and posterior canal cristae and the expression of diffusible factors such as Fgf10 and Bmp4 (Pauley et al. 2003; Bok et al. 2007 ). However, despite the clear correlation of sensory epithelia with the formation of the anterior and posterior semicircular canal, the horizontal canal shows that to a certain degree the formation of the canal can be molecularly uncoupled from the formation of the canal crista. For example, a crista without a canal forms in Otx1 and N-Myc conditional knockout (CKO) mutants (Morsli et al. 1999; Fritzsch et al. 2001; Hammond and Whitfield 2006; Kopecky et al. 2011 ) whereas a canal forms with at most a transient development of a crista in the Foxg1 null mutant Koo et al. 2009 ). Apparently, it is the latter model of independence of sensory epithelium formation on morphogenesis that applies to the cochlear duct. For example, a cochlear duct forms in mutants null for the microRNA producing enzyme Dicer1 or the transcription factor Gata3 , both of which never develop organ of Corti hair cells (Fig. 3) . Indeed, even without prosensory formation as after the loss of the transcription factors Sox2 (Kiernan et al. 2005) or Atoh1 there is a near normal development of the cochlear duct, suggesting that elongation of the cochlea is possible in the absence of sensory epithelia differentiation ). This is not to say that the convergent extension movement of the prosensory cells is not adding to the cochlear duct extension (Kelly and Chen 2007) as there is a clear truncation of the cochlear duct when the proliferation is cut short in Foxg1 and N-Myc mutants . Despite the likely more complex interactions, these data make it clear that one can experimentally uncouple cochlear duct extension from neurosensory development of the organ of Corti, indicating that both are to a certain degree independent as expected based on the evolutionary uncoupling of lagenar sensory epithelium formation from lagenar recess formation outlined above.
2.b. Segregation of the organ of Corti from the saccule is essential for normal development
Logically, the transformation of vestibular-like HCs into basilar papilla/organ of Corti-like HCs requires specific cues driving cellular patterns and their differentiation. To achieve this, each of the sensory organs harboring a distinct type of epithelium is segregated from other epithelia to ensure individual development. In essence, to evolve unique features, epithelia have to become segregated to allow unique signaling that guide a given sensory epithelium's specific development to evolve . Several mutants have been described with partial or incomplete segregation of various sensory epithelia, but in only a few cases has there been a detailed analysis of sensory epithelia in the fused region. For example, in Otx1 null mutants there is a fusion of the utricular and saccular macula through an incompletely closed utriculo-saccular foramen (Morsli et al. 1999) . These sensory epithelia seem to develop a contiguous striolar region but show a transitory blending of opposing HC polarity, resembling somewhat the undivided common macula of lampreys .
A more profound fusion of the utricle, saccule and organ of Corti has been described in several mutant mice. In one of these mice (Nichols et al. 2008) , the basal part of the organ of Corti blends into the caudal extension of the saccular macula (Fig. 4) . The transitory region is characterized by hair cells that are neither vestibular nor organ of Corti-like in their appearance and show a blending of several features. Interestingly, the basal turn of the organ of Corti/saccular macula transition does not show the development of a tectorial membrane, has no spiral limbus, and is not on a basilar membrane separating the scala tympani from the scala media. While the basal half of the organ of Corti shows these remarkable changes, near the middle of the single turn the organ of Corti is transitioning into an apex that develops a near normal pattern of hair cells sitting on a basilar membrane (Fig. 4) . Important for our evolutionary considerations, the simple fact that a single mutation can turn a part of the organ of Corti from an epithelium situated on a basilar membrane into an epithelium situated on limbic tissue renders the argument to use such structural differences and their implied functional differences as indicative for independent evolutionary origin (Wever 1974 ) all but obsolete. Otherwise one would need to argue that the basal turn of the organ of Corti is not homologous to the contiguous apical turn in certain null mutants, despite the fact that both are contiguous.
A somewhat similar fusion of the utricular and saccular macula with the basal tip of the organ of Corti is also found in another mutant (Fig. 5) . However, while epithelia can be contiguous, there is nevertheless a distinction between basal turn organ of Corti and saccular macula HCs. Interestingly, in these mutants there is a complete loss of the basal hook region , the high frequency end of the organ of Corti that is a unique mammalian addition in frequency range. Importantly, both mutants show a different pattern of changes in the apex and the base which we will explore further below in their possible evolutionary significance.
Finally, yet another null mutant can turn the therian organ of Corti into a monotreme-like 'basilar papilla' with up to 16 rows of HCs and a shortened, tear-drop like epithelium . Moreover, like in monotremes, the outermost rows of outer hair cells show a continuous change in their polarity (Ladhams and Pickles 1996; Pauley et al. 2006) . Obviously, the next step should be to combine mutations in two or three of these genes to investigate how the shortening of the organ of Corti can combine with the incomplete separation of the utricle/saccule/organ of Corti.
2.c. Evidence that the lagenar macula is not lost but integrated into the apex of the cochlea
As will be apparent below, numerous data on otherwise unexplainable and highly idiosyncratic aspects of organ of Corti development can make sense in light of the aboveoutlined evolution of the ear. Barring heterochronic shifts in development, most development of the ear proceeds along evolutionary progression. For example, the lagenar macula evolved already in the common sarcopterygian/actinopterygian ancestor in the common saccular recess and may represent a part of the common macula of jawless vertebrates (Lewis et al. 1985) . This ancient sensory organ was transposed in sarcopterygians into the apex of the newly evolved lagenar recess, presumably around the same time the basilar papilla evolved near the orifice of the lagenar recess. Thus, the lagenar macula is evolutionarily speaking older than the basilar papilla and both show various degrees of loss among tetrapods (lagenar macula is lost in some caecilians and all therians, basilar papilla is lost in derived salamanders and caecilians). However, a lagenar macula is recognized in three different positions among craniates (as part of a common macula in the undivided 'common macula' of jawless vertebrates; as a separate lagenar macula next to the saccular macula in the saccular recess; and as an epithelium at the tip of the lagenar recess (Lewis et al. 1985; Fritzsch 1992) . It needs to be stressed that the use of the term 'lagena' for this topologically variable epithelium has been introduced over 100 years ago and has never been questioned despite that fact that this epithelium is more variable than any other epithelium of the vertebrate ear.
During development of mammals, apical HCs exit the cell cycle first but initiate differentiation only days later when the expansion of a transcription factor that initiates differentiation, Atoh1, has reached them (Ruben 1967; Chen et al. 2002; Matei et al. 2005; Pan et al. 2011) . Cell cycle exit, but not delayed expression of Atoh1, indicates a pattern closely related to vestibular HC proliferation. It is notable that premature expression of Atoh1 in certain mutant mice transforms only the apical part of the organ of Corti into an area with a mixed distribution of IHCs and OHCs ). Equally consistent with this idea that the apex of the organ of Corti may be a transformed lagenar macula is the expression of the neurotrophin Bdnf in the apex first (even if no HCs form). This expression sequence is similar to vestibular organs but is unlike the basal turn of the organ of Corti , which depends on neurotrophic support from the unique presence of Ntf3, a neurotrophin with little functional role in the vestibular organs ). Indeed, misexpression of Bdnf under Ntf3 promoter control lures vestibular fibers to innervate aberrantly the basal, high frequency end of the mammalian organ of Corti ) confirming that Bdnf is the neurotrophin for the embryonic apical spiral ganglion cell survival whereas Ntf3 is playing this role in the basal turn (Farinas et al. 2001; Yang et al. 2011 ).
One of the most profound pieces of evidence for the vestibular nature of the apex is the transformation of the apex into an expanded space with a large sensory patch of HCs that bears little resemblance to the organ of Corti HCs ). In fact, mice without these transcription factors have a clear gap between a recognizable organ of Corti and a discrete apical patch of HCs (Fig. 5 ) that has a different pattern of innervation . Moreover, these apical HCs are not sitting on a basilar membrane but rather on limbic tissue, indicating that organ of Corti interaction with limbic tissue is essential for normal cochlear and organ of Corti development. This is further supported by experimental data showing that loss of periotic tissue either in tissue culture (Van de Water 1983) or by extruding the cochlea into the brain cavity (Bouchard et al. 2010 ) results in complete loss of coiling of the cochlear duct, loss of formation of an organ of Corti but formation of a large 'lagenar recess' devoid of any sensory HCs comparable to certain amphibians (Lewis et al. 1985; Fritzsch and Wake 1988) . The molecular basis for these oticperiotic tissue interactions are becoming clear and seem to be diffusible factors (Pirvola et al. 2004 ) and transcription factors (Braunstein et al. 2008; Ahn et al. 2009 ). These data suggest that coiling of the cochlea can be undone by altered epithelial/periotic mesenchyme interactions, transforming the cochlear duct into a large recess comparable to the lagenar recess.
Additional evidence that the base and the apex of the organ of Corti respond differentially to various mutations is provided another mouse lacking a transcription factor. These mice have a normal apex but a transformed base displaying a mix of vestibular and organ of Corti-like HCs (Nichols et al. 2008) . While details of the molecular basis of this transformation are unclear, it is obvious that some of the molecular markers defining an organ of Corti must have changed their expression and that there is a different interaction with the periotic mesenchyme that may cause more vestibular type of HC formation. Indeed, it is noteworthy that Atoh1 transfection mediated differentiation of HCs in the greater epithelial ridge results in vestibular HC-like transformation with a limited viability (Yang et al. 2012) . Combined, these data minimally suggest that the apex and the base of the organ of Corti are radically different in the use of the genes outlined above, but it may also indicate that the apical part of the organ of Corti is a transformed lagenar macula, still responding to low frequency sound much like the ancestral lagenar macula. It is important to note here that all mammals, no matter what the frequency range is, always have the apex of the organ of Corti responding to low and the base to high frequencies (Lewis et al. 1985) . In contrast, in certain reptiles the basilar papilla next to a functional lagenar macula can actually have the frequency distribution with either the low range or the high range pointing toward the lagenar macula (Manley et al. 1999; Manley 2011) . The constancy of mammals with respect to the frequency distribution may be related to the proposed transformation of the lagenar macula into the cochlear apex that locks in the low frequency reception to the apex.
In summary, the vertebrate middle ear is well known for the transformation of the hyomandibular bone into the columella/stapes of tetrapods and the transformation of the primary jaw joints into the hammer (malleus) and anvil (incus) of the middle ear (Reichert 1837; Hopson and Crompton 1969; Fritzsch 1999; Clack and Allin 2004) . We propose a comparable transformation of the inner ear of mammals: the ancestral lagenar macula of sarcopterygians has become integrated into the apex of the therian organ of Corti. This implies that the sensory patch of the ancestral lagenar macula, which evolved into the basilar papilla at the orifice of the lagenar recess when the lagenar macula was displaced from the saccular recess into the lagenar recess, was fused together again in ancestral therians to form a unified organ of Corti. In contrast to progressive evolution of the middle ear, evolution of the organ of Corti may revert the development of two discrete epithelia found in Latimeria and most tetrapods, the basilar papilla and lagena, back into the formation of a single epithelium. However, this newly fused sensory epithelium is very distinct from the ancestral macula lagena found in the saccular recess of ancestral gnathostomes. Future molecular data will likely show similarities between the apex and the vestibular organs, in particular the saccule and utricle, beyond those already listed above.
2.d. Making inner and outer hair cells and turning them into the stereotyped organ of Corti
Tetrapod basilar papillae show a rich variation in HC patterning and distribution, except for mammals (Lewis et al. 1985; Manley 2011) . In contrast to all other tetrapods, all mammals show two types of distinct HCs, the IHCs medial to the tunnel of Corti and the OHCs lateral to the tunnel of Corti. While the function of IHCs and OHCs in hearing has been clarified (Lewis et al. 1985; Manley 2010) , neither the evolution of the two types of hair cells nor their development is molecularly understood. Some mutational studies indicate that specification of two different types of HCs may be affected by certain genes as null mutants of these genes lose IHCs or OHCs (Deol 1981; Brooker et al. 2006; Holley et al. 2010; Ahmed et al. 2012; Huh et al. 2012; Pan et al. 2012 ). In addition, HCs provide feed-forward and possibly feedback loops of diffusible factors (Huh et al. 2012 ) and transcription factors Pan et al. 2012 ) which secure specific cellular differentiation of supporting cells (Jacques et al. 2007; Doetzlhofer et al. 2009; Basch et al. 2011; . Best known examples include the differential distribution of Fgf8 in IHCs (Pirvola et al. 2000; Jacques et al. 2007 ) and Fgfr3 in pillar and Deiters' cells (Puligilla et al. 2007; Huh et al. 2012 ). Absence of Fgfr3 or Fgf8 leads to altered pillar cell development (Jacques et al. 2007; Puligilla et al. 2007) . Recently genes associated with the development of subsets of OHCs and supporting cells (Huh et al. 2012) or only all OHCs (Ahmed et al. 2012 ) have been identified. However, how IHCs form (Pirvola et al. 2000; and how certain genes manage to regulate formation of only some HCs remains unclear.
The growing expression set of transcription factors and diffusible morphogens Fritzsch et al. 2011; Ohyama et al. 2011; Groves and Fekete 2012; Huh et al. 2012) culminate in the expression of the three closely related bHLH transcription factors of the atonal family members: Atoh1, Neurog1 and Neurod1 (Bermingham et al. 1999; Ma et al. 2000; Kim et al. 2001 ). Loss-of-function studies show that the restricted expression of bHLH transcription factors provides a crucial step in neurosensory development that cannot be replaced by other transcription factors . These three bHLH transcription factors regulate neurosensory development through extensive intra-and intercellular interactions. For example, Neurog1 drives the expression of Neurod1 in sensory neurons (Ma et al. 1998 ) and deletion of either gene leads to neuronal loss. Deletion of Neurog1 also results in HC loss and premature expression of Atoh1 (Ma et al. 2000; , which is essential for HC development (Bermingham et al. 1999 ). This suggests that Neurog1 inhibits Atoh1, which in turn cross-regulates expression of Neurog1 Raft et al. 2007; Jahan et al. 2012 ). In addition, absence of Neurog1 increases expression of Neurod1 in HCs , possibly through disinhibition of Atoh1 expression. Neurod1 in turn suppresses Neurog1 . Atoh1 also drives Neurod1 expression in HCs Pan et al. 2012) , whereas Neurod1 inhibits Atoh1 expression in HCs and neurons . Neurod1 loss results in degeneration of most sensory neurons but some neurons survive and turn into 'intraganglionic' HCs apparently through de-repression of Atoh1 . In contrast to the apparent plasticity of neurons revealed with loss of Neurod1, targeted misexpression of Neurog1 under the Atoh1 promoter control does not convert HCs into neurons , suggesting a high degree of HC commitment prior to Atoh1 expression.
Given that the bHLH transcription factors are ancient and long-term associated with inner ear neurosensory development , it is logical to reason that the interactions thus far elucidated in the mouse ear for the formation of IHCs and OHCs should also be ancestral. Other factors must therefore tweak these interactions to develop a graded change of HCs as in the long and short HCs of the avian basilar papilla (Lewis et al. 1985) . It would be important for the conclusions drawn here to show that levels of bHLH gene coexpression cannot only change HC type in the mouse organ of Corti but are equally effective in tetrapods that have no morphologically distinct HC types in the basilar papilla such as frogs. Ultimately, the intricate network of gene interactions, now revealed in the organ of Corti development, need to be understood in other tetrapods to specify where developmental steps differ to establish causality of the above-outlined developmental aspect for evolution. Transforming the basilar papilla of a frog into an organ of Corti-like structure using molecular manipulations with genes associated with the therian organ of Corti would not only establish homology between these dissimilar looking organs. Such an approach would also establish how networks of genes evolved to regulate developmental steps resulting ultimately in dissimilar looking organs (Wagner 2011).
2.e. Turning vestibular sensory neurons into spiral ganglion neurons
Evolution of a functional auditory system critically depends on evolving connections between an auditory epithelium and the auditory processing center in the brain, the cochlear (auditory) nuclei Duncan and Fritzsch 2012) . Only with the establishment of such a unique information highway is it ensured that auditory information is processed in the brain independently from vestibular information and vice versa. Failure to completely segregate vestibular from auditory information flow would result in cross-information processing that is not conducive for either hearing or vestibular function. Given the close proximity of the saccular macula, basilar papilla and lagenar macula, it would be important to know the connections of these organs with the hindbrain. Unfortunately, detailed data exist only in therian mammals (Maklad and Fritzsch 2003) , several amphibians and avians (Fischer et al. 1994) , with even more limited data on other amniotes. To make sense of the evolution of the therian auditory pathways, it is necessary to collect data on the central projection of the lagenar macula, basilar papilla and saccule in a monotreme.
In fact, detailed information about the development of auditory and vestibular ganglion cell and their organ specific connections to the brain is only known for mammals and some data in birds. A number of genes have been identified that guide the sensory neuron development and allow them to be connected (Rubel and Fritzsch 2002; Yang et al. 2011 ). Only few molecular candidate genes have been shown to be uniquely associated with spiral ganglion neuron, but not vestibular ganglion neuron development. Loss of those genes results in absence only of spiral ganglion neurons (Karis et al. 2001; Bouchard et al. 2010; Lu et al. 2011) . For our evolutionary investigations we are missing critical sets of data on the molecular basis of the comparative development of the amphibian ear, the only other tetrapod ear in which the central projection development has been mapped in great detail . Modern techniques (Dagle et al. 2000; Abu-Daya et al. 2012 ) could help in understanding molecular aspects of frog ear neurosensory development. Superior manipulation ability of developing frogs and well-established tracing techniques for nerve fibers (Fritzsch 1993 ) could further our understanding of the molecular basis of auditory projection development in amphibians, providing a broader basis for the evolutionary comparison of molecular developmental modules attempted here.
For example, manipulations of neurotrophins can result in rerouting of vestibular nerve fibers to the basal turn of the organ of Corti ). This changes the pattern of innervation of the basal turn of the organ of Corti into a pattern of innervation of basilar papilla in derived frogs (Fig. 6) , indicating that arguments to use this altered pattern of innervation to suggest that the basilar papilla of derived frogs is not homologous to that of other amphibians or other tetrapods or Latimeria are not well justified. Clearly, one would not change the assumption of homology of the basal part of the organ of Corti simply because vestibular fibers can be rerouted to it. It is also noteworthy that the pattern of innervation of all lagenar maculae found in Chondrichthyes or actinopterygians in the lagenar recess is identical to that found in monotremes, other tetrapods and Latimeria (Fig. 6 B,B', A'). In contrast, the organization of polarity of hair cells of the lagena is different from tetrapods ( Fig. 6 B, B', C) indicating that the innervation allows homology across species, no matter whether the lagenar macula is in its own recess or what the pattern of hair cell polarity is. This conclusion for the lagena macula is in line with variable hair cell polarity in the basilar papilla of various lizards (Manley 2011) . Overall, it appears that the molecular basis of nerve fiber organization, once understood, could allow to establish homology of nerve trajectories not only on traditional criteria such as relative position but also on molecular cues used to guide specific nerve fibers to specific sensory epithelia. That such molecules must exist to establish how the sensory epithelia are connected to distinct aspects of the vestibular nuclei has been demonstrated in a detailed projection analysis that showed little reorganization of developing projections over time from distinctly polarized hair cells to discrete areas of the brain (Maklad et al. 2010 ).
Summary and conclusion
We provide here an overview of ear changes in an evolutionary context of the currently best fitting taxonomic relationships. Based on changes in ear morphology and taxonomic relationships, we propose a simple scheme of progressive and regressive evolutionary events associated with the formation of a basilar papilla in sarcopterygian vertebrates and its subsequent diversification, culminating in the therian organ of Corti. We also present the even more puzzling alterations in position of the lagenar macula and its possible blending into the evolving organ of Corti as its apex. We also summarize data obtained from mutant mice that suggest the molecular basis for some of the critical steps identified for the organ of Corti evolution. Wherever possible we identified critical experiments that could support or falsify our evolutionary correlation with developmental events. Despite the existing gaps in our knowledge of molecular events specifying major aspects of developmental reorganizations underlying these evolutionary changes, the progress made over the last 15 years suggests that with proper expansion of the mammalian molecular insights onto other crucial tetrapods such as frogs and birds, we will be able to close many of these gaps in the near future. Remaining issues require working with non-model organisms such as monotremes, Latimeria, or basal caecilians, all of which are difficult to raise in captivity and for which no genome has yet been published. Given the genomic progress in some of these organisms, molecular data will soon be available to allow comparative genomic analysis of sarcopterygian ear development. This would allow comparing exomes of mice, chicken, frogs and other sarcopterygians for a full complement of all the genetic alterations underlying the evolution of the developmental modules of the ancestral sarcopterygian ear without a basilar papilla into a mammalian ear with its organ of Corti, the sound pressure receiver enabling our daily verbal communications. The ultimate proof for completion of our prepositions expanded here would be to modify development of one species to approximate the pattern found in another, distantly related species. Proving the present suggestions beyond reasonable doubt requires the transformation of a frog basilar papilla into a therian organ of Corti by proper molecular means. This could parallel the clear evidence for signal similarity across phyla generated by rescuing mammalian hair cell development with the fly atonal gene (Wang et al. 2002) . This experiment demonstrated that the atonal fly gene, with limited sequence similarity to the mammalian Atoh1 gene, is nevertheless functionally equivalent, establishing the deep homology of mechanosensory cells now widely accepted based on additional evidence . This figure displays a consensus diagram of multiple cladistic analyses pointing out the likely relationship between different sarcopterygian and actinopterygian taxa and in different shades the major morphological changes. Note that lungfish resemble basal actinopterygians and Chondrichthyes, in particular ratfish, in great detail in that the lagenar macula is together with the saccular macula in the saccular recess (highlighted in light green, A). The derived conditions of tetrapods, apparently shared with the coelacanth Latimeria, is the possession of a lagenar recess with the lagenar macula at the tip, the formation of a basilar papilla and a perilymphatic sac to a round window in the posterior wall of the otocyst (highlighted in light red, B). Some derived Chondrichthyes and actinopterygians also have a lagenar recess with a lagenar macula in it (shown in white). All amphibians have a shared derived character, the amphibian papilla in its own recess (highlighted in light lilac, D). Salamanders and frogs have lost the neglected papilla and some salamanders and caecilians have lost the basilar papilla which may be in its own recess that comes off the lagenar recess. Some caecilians have lost the lagenar macula but retain the lagenar recess devoid of any hair cells or innervation. Ancestral mammals evolved a basilar papilla with two types of hair cells arranged in multiple rows, inner and outer hair cells (IHC, OHC). Therian mammals either lost or transformed the lagenar macula into the apex of the organ of Corti in a greatly elongated lagenar recess, now referred to as the cochlea or cochlear duct (shown in shades of light green to light red, C). Cladistic relationships compiled from (Shubin et al. 2009; Amemiya et al. 2010; Raincrow et al. 2011; Shan and Gras 2011) . This diagram displays the basic changes in the posterior part of the ear in the sarcopterygian lineage. The plesiomorphic organization or shared primitive pattern (A) is found in lungfish, basal actinopterygians (polypteriformes, holocephalens, chondrosteans, holosteans) and basal Chondrichthyes (chimaeras). The characteristic features are the presence of a nerve branch of the fibers to the posterior canal crista (PC) extending to the neglected papilla (NP), a separate nerve twig going to the distinct lagenar macula (LM) in the saccular recess posterior to the saccular macula (SM). Note that there appears to be no opening other than for nerves in the otic capsule (bold line) and no specialization of the perilymphatic space enabling pressure differences to generate relative movements between sensory epithelia and their extracellular covering (otoconia, cupula). The derived condition (B) is found in Latimeria and amniotes, excluding therian mammals. The derived condition is characterized by the formation of a lagenar recess (LR), translocation of the lagenar macula (LM) into the lagenar recess, formation of the basilar papilla (BP) at the orifice of the lagenar recess, and the formation of a perilymphatic sac (PS) that connects the basilar papilla functionally with an opening in the otocyst wall, the round window (RW). Note that the innervation of the basilar papilla is via a nerve branch coming off the lagenar macula innervation. Further derived from this basic tetrapod condition are basic amphibians (many caecilians) through the formation of a recess for the amphibian papilla (AP) and the translocation of a part of the neglected papilla into this unique recess as an amphibian papilla (D). Salamanders and frogs have all lost the neglected papilla (D") and most salamanders and all frogs have evolved a second recess from the lagenar recess that contains the basilar papilla thus generating the derived conditions of two saccular recesses (in addition to the lagenar recess) each with its own sensory epithelium (amphibian and basilar papilla). Note also that the derived condition of innervation for the basilar papilla is via a nerve coming off the nerve to the posterior canal crista that can be reconciled through intermediates. Finally, loss of the lagenar macula occurred independently in therian mammals where the anlage might have become incorporated into the elongated basilar papilla now referred to as the organ of Corti (green tip of the red basilar papilla) due to its unique organization of hair cells (C), which is connected via narrow canal, the ductus reuniens (DR) to the saccular recess (D'). Loss of lagenar macula also occurred in some caecilians where both the basilar papilla and the lagenar macula are lost (D') but a short lagenar recess is retained. Modified after (Lewis et al. 1985; Fritzsch and Wake 1988; Fritzsch 1992) . This figure displays the loss of neurosensory development in the cochlea duct (CD) of two mutant mouse lines, a conditional deletion of Dicer 1 with Foxg1-cre (A,B) and deletion of Gata3 (C). Note that in either case hair cells and innervation exists to vestibular epithelia interpreted as utricle (U) and saccule (S), identifiable by the endolymphatic duct (ED) emanating from it. The cochlear duct is devoid of both hair cells and innervation other than autonomic fibers. The middle panel shows a diagram of the normal innervation and organization of the organ of Corti and the cochlear duct with the scala tympani (ST) attached (D), the loss of any innervation and hair cell formation in the two mutant lines but retention of the cochlear duct (E) and the loss of the basilar papilla and lagenar macula in a caecilian (F). The right column shows 3D reconstruction of confocal images of an E16.5 wildtype ear with Amira software (G), the remaining 'ear' of a conditional deletion of Dicer with the cochlear duct extending from the undivided upper part (H) and the partially developed ear of a Gata3 null mouse with a cochlear duct connected via a ductus reunions to the vestibular part of the ear. For abbreviations see Fig. 2 . Images taken from Kersigo et al. 2011 ). The distribution of the six mammalian sensory epithelia and the neglected papilla (NP) is shown for a wildtype ear (A) and Lmx1a mutant ear (B). Note that there is continuity of utricle (U), saccule (S), and organ of Corti (OC) in the mutants. Also, the cochlea has a basal part that is converted into a more vestibular like system and an apex that is more cochlear like indicating different effects of Lmx1a along the length of the cochlea. There is a great enlargement of the posterior canal crista as well as the two patches of neglected papilla (NP) extending into the wide cochlear duct. The middle column shows the transformation of the ear in the Lmx1a null mutant. The saccular macula fuses with the organ of Corti, and there is no approximation of the scala tympani with the base of the organ of Corti but only with the apex (D). There is a dramatic increase in size of the posterior canal crista and neglected papilla. AC, anterior canal crista; HC, horizontal canal crista; DR, ductus reuniens; RW, round window; SM, scala media; UCSF; utriculo-saccular foramen. Modified after (Nichols et al. 2008) Figure 5.
Three dimensional reconstruction of the inner ear shows the different regions of the cochlea in wildtype (a). Deletion of N-Myc results in severe truncation of the cochlear duct and aberration in the appropriate segregation of the different regions of the cochlea (b). In particular, the apex of the N-Myc CKO cochlea forms a circular sac-like structure resembling a 'lagena' (yellow arrow in b'). Dye tracing from the cochlear nucleus shows afferent innervation to the abnormally formed circular sac or 'transformed lagena'. Double knockout (dCKO) of N-Myc and L-Myc adds to the severity in the N-Myc CKO phenotype (c-c"'). Myo7a immunohistochemistry shows abnormal fusion of the hair cells from the basal tip with the saccular hair cells (white arrows in c-c"). The dCKO also shows formation of the segregated circular sac from the apical tip of the cochlea (yellow arrows in c, c"').
The shortened cochlea forms multiple rows of hair cells in the apex (c"). Neurofilament immunohistochemistry shows the overshooting of the fibers to this circular sac (c"'). A, apex; B, base; CD, cochlear duct; L, lagena; OC, organ of Corti; S, saccule; SV, scala vestibuli; ST, scala tympani; U, utricle. Bar indicates 100 µm. Modified after Pan et al. 2011; Kopecky et al. 2012 ). This scheme shows the evolution of the innervation of the postero-ventral aspect of the gnathostome ear and the polarity pattern in three sensory epithelia, the saccular macula (SM), the lagenar macula (LM) and the basilar papilla (BP)/organ of Corti (OC). Note that basal sarcopterygians (lungfish) and actinopterygians (bichir) show a detailed identity in the lagenar hair cell polarity organization (A) that is distinct from that of tetrapods (B, B') and also from the different pattern in many derived bonyfish that have a lagenar macula in its own recess (A'). Therian mammals (C) differ from monotremes (B) by the possible fusion of the lagenar macula with the basilar papilla (green and red) forming the organ of Corti. Note that innervation is highly stereotyped and similar across vertebrates except for amphibians with the innervation of the amphibian papilla of a neglected papilla (NP) twig (if the later exist) and formation of a new posterior twig to the basilar papilla coming off the posterior canal nerve in derived frogs (B'). A similar pattern of innervation can be generated in mice using a knockin of the neurotrophin Bdnf into the Ntf3 locus, turning the basal turn of the organ of Corti innervation into an innervation resembling the derived frog basilar papilla.
